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ABSTRACT

Silicon monoxide is a promising alternative anode material due to its much higher capacity than graphite, 

and improved cyclability over other Si anodes. An in-depth analysis of the lithium silicide (LixSi) phases 

that form during lithiation/delithiation of SiO is presented here and the results are compared with pure-Si 

anodes. A series of anode materials is first prepared by heating amorphous silicon monoxide (a-SiO) at 

different temperatures, X-ray diffraction and 29Si NMR analysis revealing that they comprise small Si 

domains that are surrounded by amorphous SiO2, the domain size and crystallinity growing with heat 

treatment. In and ex situ 7Li and 29Si solid-state NMR combined with detailed electrochemical analysis 

reveals that a characteristic metallic LixSi phase is formed on lithiating a-SiO with a relatively high Li 

concentration of x = 3.4-3.5, which is formed/decomposed through a continuous structural evolution 

involving amorphous phases differing in their degree of Si-Si connectivity. This structural evolution differs 

from that of pure-Si electrodes where the end member, crystalline Li15Si4, is formed/decomposed through 

a two-phase reaction. The reaction pathway of SiO depends, however, on the size of the ordered Si domains 

within the pristine material. When crystalline domains of 5 nm within a SiO2 matrix are present, a phase 

resembling Li15Si4 forms, albeit at a higher overpotential. The continuous formation/decomposition of 

amorphous LixSi phases without the hysteresis and phase change associated with the formation of c-Li15Si4, 

along with a partially electrochemically active SiO2/lithium silicate buffer layer, are paramount for the 

good cyclability of a-SiO.

Page 1 of 29

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Page 2 of 29

INTRODUCTION

Lithium-ion batteries (LIBs) have become the essential, portable energy source for modern industrial 

products, due to their high-voltage and high-energy density. While the energy density of LIBs continues 

to increase year on year, both the miniaturization of portable electronics – necessitating smaller but higher 

energy density batteries - and the transition towards vehicle electrification – requiring larger, cheaper and 

higher energy density batteries – means that the demand for further improvement remains intense.1 

Graphite has historically been used as the anode of choice for LIBs, but its capacity is limited to 

372 mAh/g.2 To exceed this limit, silicon (Si) based materials have been proposed, which offer up to ten 

times larger gravimetric and volumetric capacities.3 However, the large volume increase of Si during 

lithiation and thus of Si based anodes contributes to mechanical failure of the cell components.4 The 

formation of crystalline Li15Si4 (c-Li15Si4), the most (electrochemically) lithiated state of Si when cycled 

at room temperature, is known to cause particularly significant capacity fade during repeated cycling of 

such composite anodes.5 During delithiation, this phase is directly converted to an amorphous LixSi phase 

with much lower Li content, via a two-phase reaction.4, 6 The abrupt volume change at the two-phase 

interface induces huge local stress, resulting in cracking of the Si particles7, unless nano-sized Si particle 

is used.8 The newly exposed surfaces are not coated with the passivating solid-electrolyte interphase (SEI) 

layer and thus react with electrolyte, irreversibly consuming Li ions and resulting in electrically 

disconnected Si nanoparticles, both contributing to capacity fade. The simplest way to avoid this issue is 

to restrict the electrode potential so that it does not drop below the c-Li15Si4 formation potential of 50 – 70 

mV vs. Li/Li+.4, 6, 9 However, this strategy sacrifices the capacity of the electrode; and practically it is often 

difficult to control the anode potential accurately enough when combined with a cathode in a commercial 

full cell design. Moreover, this potential control method cannot be applied to the promising Si/graphite 

composite anodes which represent a compromise between improved capacity and electrode stability. This 

is because a significant fraction of graphite’s overall capacity is close to the c-Li15Si4 formation potential.5, 

10-13 

Silicon monoxide, SiO, has been proposed as a promising LIB anode material with a much better 

cyclability than conventional Si anodes.14 SiO exists as a nano-composite consisting of Si and SiO2 

domains and silicon suboxides SiOx<2 at the interfaces between these two components.15 The average 

silicon to oxygen ratio is almost one, because this material is fabricated using SiO gas, SiO being 

electronically related to carbon monoxide. The crystallinity of the Si domains depends critically on the 

preparation conditions.16, 17 The lithiation of SiO has previously been investigated, with no crystalline 

phase formation reported for amorphous SiO (a-SiO) when fully lithiated, suggesting that the suppression 

of c-Li15Si4 formation contributes to the good cyclability; thus SiO may also be promising as a component 

in composite electrodes with graphite. Despite its promise, the chemical evolution and compounds formed 

during SiO lithiation remain the subject of debate, preventing a rational choice of an optimized SiO 

anode.18-30  In particular, the role of the SiO2 and/or lithium silicates and size of (any) silicon domains and 

the role in these structural and morphological motifs in performance remains unclear.  Most reports have 

identified at least two phases in lithiated SiO, a lithium silicide (LixSi) phase and a lithium silicate (as 

summarized in Table S1, supporting information). However, even the Li concentration in the LixSi phase, 

and composition and electrochemical reactivity of the lithium silicate phase remain controversial, although 

these are very fundamentals aspect that underpin the reaction mechanism(s). This debate reflects the 

significant complexity of SiO lithiation and challenges in characterization of the lithiated products: (a) 

lithiated products are either of low crystallinity or amorphous, (b) multiple components are present, (c) the 

“crystal” structures are expected to depend on the electrode potential, and (d) depending on the SiO 
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preparation, different crystalline phases may be present whose electrochemical behavior varies.31, 32

Previously, we investigated the chemical structures in electrochemically lithiated pure-Si electrodes by in 

situ/ex situ 7Li solid-state nuclear magnetic resonance (NMR) and pair distribution function (PDF) 

analysis.9, 33, 34 Figure 1 illustrates the formed local LixSi structures, and their corresponding 7Li NMR 

shifts. The only crystalline phase formed in the electrochemical lithiation of pure-Si is a c-Li15Si4-like 

structure (phase 3) at the end of the lithiation process. This phase appears to tolerate a degree of Li non-

stoichiometry, with a range of 7Li NMR chemical shifts from 8 to −13 ppm being observed, corresponding 

to stoichiometry changes of approximately 0.02 – 0.03 Li per 4 Si.9 The lower frequency shifts are observed 

for samples formed electrochemically on lithiation; they are associated with the highest Li contents and 

were referred to as “overlithiated Li15Si4” in previous publications.33 At lower Li concentrations, the LixSi 

phases are known to be amorphous with two characteristic structures reported: (1) a LixSi phase (x<2.0) 

with extended Si clusters consisting of polymeric Si chains and clusters (broad 7Li resonance from 0 to 

10 ppm). (2) a LiySi phase (2.0<y<3.5) with small Si clusters consisting of two (dimers) or more connected 

Si atoms (7Li resonances at 10 to 20 ppm); as y approaches 3.5, increasingly more isolated Si anions are 

present (Figure 1). The broadening observed in the 7Li NMR spectra for (1) is attributed to the large 

distribution of chemical environments corresponding to the numerous possible polymeric structures of Si, 

tetrahedral coordination with Si atoms representing a dominant structural motif at these Li compositions, 

based on PDF studies.34 The exact chemical shift value observed for (2) reflects the Si—Si cluster size and 

structure. In the crystalline small-cluster phases, Li ions near the Si pentagonal rings and stars found in 

Li12Si7 (x = 1.71) resonate at 21.8, 17.1, and –16.9 ppm,35 the local environment resonating at –16.9 ppm 

resulting from Li ions in between the aromatic pentagonal rings. Li ions near Si—Si dimers resonate at 

16.5 ppm (in crystalline Li7Si3), further lithiation to form Si-Si dimers and isolated Si (in Li13Si4) results 

in a 7Li shift of 11.5 ppm. Although Si pentagonal rings are unlikely to be formed electrochemically (and 

indeed no resonances in this frequency range have been observed experimentally at this chemical 

composition) as considerable rearrangement of the sublattice is required, stars result from Si-Si bond 

breakage of the tetrahedral units and will thus be present as structural intermediates between extended 

clusters and dimers.

In this work, we systematically investigate the electrochemical lithiation of SiO at various states of charge 

to reveal detailed insights into the lithiation/delithiation mechanism. After electrochemical analysis and 

X-ray diffraction (XRD) to characterize the starting material, we apply ex situ 7Li and 29Si solid-state NMR 

to identify crystalline as well as amorphous LixSi phases to gain insights into the local Li and Si 

environments. In addition, we use in situ (sometimes also referred to as operando to reflect data collection 

during battery cycling) 7Li NMR spectroscopy to monitor the formation of LixSi phases in real time.36, 37 

We apply our analytical approach to investigate a-SiO, and a series of disproportionated SiO (d-SiO) 

phases, formed by heating a-SiO to 800 to 1100 C, in LIBs. We compare our results with those obtained 

from a crystalline Si (c-Si) anode, so as to investigate the influence of Si domain crystallinity and size on 

the formation of the different LixSi phases.
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Figure 1. 7Li NMR shifts and schematic structures of LixSi phases with different Li:Si ratios, x, formed by electrochemical 

lithiation of pure-Si and comparison with motifs found in crystalline phases at similar compositions; pink, green, and blue shaded 

areas represent three specific LixSi phases (1 – 3) containing extended Si clusters, small Si clusters, and isolated Si atoms as found 

in c-Li15Si4. Although both rings and stars are found in the crystalline phase Li12Si7, the former are unlikely to form 

electrochemically at room temperature due to the kinetic barriers associated with Si bond breakage and rearrangement. See  

references 9, 33, 34 for further details.
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EXPERIMENTAL

Synthesis of disproportionated silicon monoxide (d-SiO)

a-SiO (OSAKA Titanium Technologies Co., Ltd., 5 µm) was packed into an Al2O3 crucible and heated 

with 5 °C/min in an electrical tube furnace under a steady Ar flow of 60 mL/min and held at 800−1100 °C 

for 3 h, and subsequently cooled to room temperature. The respective heat-treatment temperature for each 

d-SiO sample is given in parenthesis after the chemical formula in this paper, e.g. d-SiO(1000ºC) indicating 

heat treatment at 1000ºC.

Fabrication of electrochemical cells

Coin cells. a-SiO (OSAKA Titanium Technologies Co., Ltd., 5 µm), d-SiO (800, 900, 1000, 1050, or 1100 

°C), or pure-Si (Kojundo Chemical Laboratory Co., Ltd., 99.9%, 5 µm) was mixed with carbon (Super-P, 

Timcal), Carboxymethyl cellulose sodium salt (CMC-Na) (Sigma-Aldrich) and deionized water in a ZrO2 

jar with two 10 mm ZrO2 balls and was milled using a high-energy ball mill (SPEX SamplePrep’s 8000M 

Mixer/Mill) for 40 min. Unless otherwise noted, a ratio by mass of active material : Super-P carbon : CMC-

Na = 1:1:1 was used; in addition ratios of 60 : 24 : 16 and 80 : 12 : 8 were used to prepare NMR samples. 

The mixed slurry was coated on 15 µm copper foil on a glass plate and was dried at ambient temperature. 

The copper foil coated electrode was used to make coin cells for electrochemical analysis. Pellet type 

electrodes were used to prepare samples for ex situ NMR experiments. The electrodes were first coated on 

a glass plate, then peeled off and ground using a mortar. 50−100 mg of the ground electrode powder was 

pressed together onto a copper mesh at 730 MPa inside a 15 mm die set to produce a pellet electrode. All 

electrodes were vacuum dried at 100 °C overnight before being assembled into cells. CR2032  coin type 

cells were assembled with copper foil coated electrodes or pellet electrodes, using a glass fiber separator 

(Whatman, GLASS MICROFIBER FILTERS) and Li-metal as counter electrode and LP30 electrolyte 

(EC:DMC = 1:1 + 1 M LiPF6). For 29Si NMR samples, a polyethylene separator (Celgard® 3501) was 

added between the glass fiber separator and electrode to avoid glass fiber contamination of the electrode. 

In the case of high capacity pellet electrodes, 10 wt.-% fluoroethylene carbonate (FEC) was also added 

(i.e., 90:10, LP30:FEC by mass) to help avoid short circuits from Li dendrite growth at the Li metal counter 

electrode. 

In situ cell assembly. The electrode was first coated on a glass plate, then carefully peeled off and used to 

prepare a free-standing film. The film was cut and pressed onto a copper mesh and glass fiber separator 

with a small amount of deionized water; this composite was vacuum dried at 100 °C overnight. Afterwards, 

it was placed into one half of a plastic cell capsule with Li-metal as the counter electrode on the other half 

of the cell (Figure 2). Before closing the cell, the electrolyte (EC:DMC=1:1 with 1 M LiPF6 + 5 wt.-% 

FEC) was added.

Electrochemical measurements

Electrochemical measurements were carried out at 296(2) K using a Biologic MPG-2 battery cycler (Bio-

Logic Science Instruments). Unless given otherwise, the cells were discharged to 0 mV at 1/20 C, held at 

0 mV until the current reached 1/100 C, and then charged to 2 V at 1/20 C. Rest times of 10 min to 1 h 

were applied between the discharge and charge periods. The C-rate was calculated using an estimated 

specific capacity of 1900 mAh/g for the SiO samples and 3800 mAh/g for the pure-Si; additional capacity 

due to the Super-P/CMC-Na matrix was not considered in this calculation.
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Figure 2. Assembly of the plastic cell capsule used for in situ NMR investigations. (a) the cell components before assembly: <1> 

copper wire (current collectors), <2> the three plastic (PEEK) parts of the cell with the two cavity parts on top and bottom as well 

as the capsule on the right, <3> Viton spacer of 1 mm thickness, <4> PTFE spacer of 0.5 mm thickness, <5> Li metal foil of 1 

mm thickness, <6> glass fiber separator, <7> SiO or pure-Si / CMC-Na / Super-P free-standing electrode film, and <8> copper 

mesh to connect electrode and copper wire current collector; (b) an assembled plastic cell capsule with the copper wire current 

collectors on both sides; and (c) the plastic cell capsule set up in the coil of the Automatic Tuning Matching Cycler (ATMC) in 

situ NMR probe used for the in situ 7Li NMR experiments.36, 37

Powder XRD

Powder XRD patterns of a-SiO, d-SiO, and Li4SiO4 were acquired at 296(2) K on a Panalytical Empyrean 

diffractometer equipped with a Ni filter using Cu-Kα radiation ( = 154.06 pm, 154.43 pm) in a Bragg–

Brentano setup. Rietveld refinement was performed using the TOPAS Academic software package 

(version 4.1).38 The crystallite size of silicon was estimated by a Voigt-convolution approach according to 

Balzar et al.39, assuming a lognormal size distribution. The diffuse scattering features around 20 to 25° and 

~50° have each been modelled by adding an artificial peak that was independently fit in the refinement. A 

synopsis of the refinement parameters can be found in Table S5 (Supporting Information).

Solid-state NMR spectroscopy

Ex situ 7Li and 29Si NMR. Magic angle spinning (MAS) 7Li NMR spectra were measured on a Bruker 

Avance III 500 spectrometer operating at a 7Li NMR frequency of 194.35 MHz and equipped with a 4 mm 

MAS probe. Single-pulse excitation was used in combination with a recycle delay of 3 s. The sample 

rotation rate was 12.5 kHz. MAS 29Si NMR spectra were recorded on Bruker Avance III 500 and 

Avance I 400 spectrometers operating at 29Si NMR frequencies of 99.36 and 79.49 MHz, respectively. 

Rotor-synchronized Hahn-echo spectra were typically obtained at spinning speeds of 8 kHz with recycle 

delays of 1 or 30 s to detect the signals of LixSi or Li4SiO4 respectively. NMR raw data handling and 

processing was done using Bruker Topspin. The 7Li and 29Si chemical shifts were referenced to solid 

Li2CO3 and Trimethylsilylpropanoic acid both at 0 ppm, respectively.

In situ 7Li NMR. In situ 7Li NMR of electrochemical pouch cells was conducted on a Bruker Avance I 300 

spectrometer operating at a 7Li NMR frequency of 116.64 MHz using repeated single pulse excitation with 

a recycle delay of 0.2 s. A short recycle delay was adopted to suppress the strong signal associated with Li 

ions in the electrolyte. 2048 FIDs were collected for about 8 min for each spectrum and this cycle was 

repeated during the electrochemical measurements. The 7Li chemical shifts were externally referenced to 

solid Li2CO3 at 0 ppm. The NMR raw data was processed by Bruker Topspin with manual phase correction 
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and automatic base line correction using a 5th order polynomial function. In parallel to the repeated 

recording of NMR spectra, electrochemical measurements were carried out using a battery tester 

(Biologic VSP, Bio-Logic Science Instruments). Unless otherwise noted, the cell was discharged in 

constant current–constant voltage (CC-CV) mode at 1/20 C and held at 0 mV until the current reached 

1/100 C. Subsequently, after a 1 h rest period, the cell was charged to 2.0 V in CC mode. After another 1 

h rest period, the cycle was repeated. 

NMR data analysis. Deconvolution of 7Li NMR spectrum from in situ and ex situ measurements was 

carried out by using the DMFIT software.40 The NMR signal of lithium in the Super-P/CMC-Na matrix 

and low-lithium LixSi phase with extended Si cluster peaks were fitted using Lorentzian line shapes, 

whereas the signals of Li in the phase with small Si clusters and the m-LixSi phase (see below for discussion 

of signal assignments) were fitted by superimposed Gaussian and Lorentzian lineshapes with the same 

center positions but different widths, as these peaks featured sharp center as well as broad skirt components. 
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RESULTS

Prior to detailed NMR characterization, we first investigated the nanostructures of the a-SiO and d-SiO 

materials by powder XRD and their overall electrochemical lithiation properties by the use of galvanostatic 

measurements.

Crystallinity of a-SiO and d-SiO

The powder XRD pattern of a-SiO contains no sharp Bragg reflections and only diffuse scattering from 

the amorphous components are visible (Figure 3). On raising the temperature of the a-SiO heat-treatment 

to 900 C, Bragg reflections due to elemental Si emerge. These grow in intensity and sharpen on raising 

the dwell temperature of the heat-treatment, indicating increased disproportionation of SiO and growing 

crystallite diameters (Figure 3). The average crystallite diameter of the silicon domains, obtained as part 

of a Rietveld refinement (Table S5 and Figures S11 to S14, Supporting Information) and assuming a log-

normal size distribution,39 increases from dlog,900 = 2.2(3) nm for d-SiO(900 °C) to dlog,1100 = 5.0(2) nm for 

d-SiO(1100 °C). Simultaneously, the diffuse scattering pattern from a-SiO is affected: The shift of the 

broad feature at 20 to 25°, 2 towards lower scattering angles (Figure 3, dotted line arrow) with 

temperature can be attributed to structural changes of the amorphous SiO2 component, as the position of 

this diffuse scattering feature following heat treatment at 1100 °C resembles the scattering features of 

typical (boro-)silicate lab glass. In addition, the broad diffuse scattering feature around 50°, 2 
(corresponding to “lattice” spacings of d ~180 pm; Figure 3, bracket) vanishes upon development of the 

Si reflections above 900 °C, thus we attribute it to short-range order in a-SiO (cf. d(Si-O) = 162 pm in α-

SiO2
41; d(Si–Si) = 235 pm in silicon42).

Figure 3. XRD patterns of a-SiO and heat-treated d-SiO samples. Diffraction peaks due to crystalline Si are marked with an 

asterisk. Average crystallite diameters (in parentheses) of the Si domains have been estimated by a Voigt-convolution approach 

as part of a Rietveld refinement (Figures S11 to S14, Supporting Information). Note the shift of the broad feature at a diffraction 

angle of 20 to 25°, 2 (arrow) and the disappearance of another diffuse scattering feature around 50°, 2 (bracket) upon treatment 

at higher temperatures. All samples were measured on glass-slides, which present a broad background when no sample is present, 

very similar to the feature at 20 to 25°, 2 seen for d-SiO(1100 °C) (Figure S15, Supporting Information). However, the 

systematic changes in XRD pattern with dwell-temperature indicates that this background does not contribute, presumably due 

to the rather high absorption of our samples.

Page 8 of 29

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Page 9 of 29

Electrochemical lithiation properties 

Electrochemical lithiation properties of a-SiO, d-SiO and pure-Si electrodes were investigated against Li 

metal using CR2032 coin type cells. Figure 4 shows the voltage-capacity profile and dQ/dV-voltage profile 

and Table 1 gives discharge/charge capacities and coulombic efficiencies for the initial two cycles.

Crystalline Si: The electrochemistry of the pure-Si electrode comprising 5 m sized particles is 

characterized by two long pseudo-plateaus observed at 80 mV for the initial lithiation and at 420 mV in 

the subsequent delithiation (Figure 4a,b). The former plateau derives from the irreversible dissociation of 

the crystalline Si structure, whereas the latter plateau corresponds to conversion of the c-Li15Si4-like 

structure to form a-LixSi.4, 9 The presence of these clear voltage processes indicates that these reactions 

essentially proceed via two-phase reactions. In the second and subsequent cycles, two pseudo plateaus are 

apparent at 250 mV and 100 mV during lithiation. They represent the formation of the extended Si cluster 

(phase 1) and small Si cluster (phase 2) phases, respectively (Figure 1). The more sloping nature of these 

processes indicates that the reactions proceed via a more gradual evolution of local structures (which could 

be viewed as solid solutions) rather than via two-phase reactions. A small plateau is observed at 40 mV in 

the initial lithiation and at 70 mV in the second cycle during lithiation (Figure 4c), which is attributable to 

the transformation of a-LixSi phase 2 to c-Li15Si4.4, 9 A second cell constructed from the same electrode 

was then cycled with the discharge voltage restricted to 100 mV, following an initial cycle involving a 

discharge to 0 V to break up all of the crystalline Si (Figure 4a,b) and form amorphous Si (a-Si) on 

delithiation. A 420 mV plateau in the delithiation process is not observed in this case, but instead, two 

pseudo plateaus at 300 mV and 450 mV are apparent. These processes are assigned to the delithiation of 

the small Si cluster (2) and extended Si cluster phases (1), respectively, the reactions now proceeding via 

solid solution reactions rather than the two-phase decomposition observed for the delithiation of the c-

Li15Si4-like structure.

a-SiO: The electrochemistry of the a-SiO electrode exhibits distinct processes at 250 and 100 mV during 

lithiation and at 300 and 450 mV during delithiation (Figure 4a,b). These processes are similar to those 

seen for pure-Si after the first “conditioning” cycle to form a-Si, and when the discharge voltage is 

restricted to 100 mV, i.e., when a-Si is cycled electrochemically, suggesting similar LixSi reactions occur. 

Additionally, a process at around 600 to 400 mV is observed only during the initial lithiation, which is 

associated with an irreversible reaction. 

d-SiO: The electrochemistry of the various d-SiO electrodes varies noticeably from that of a-SiO, greater 

differences being observed for higher heat-treatment temperatures (Figure 4a,b). The 1st irreversible 600 

to 400 mV process seen for a-SiO shifts to lower voltage with heat treatment temperature merging with 

the 250 mV process: following heat treatment at 800 °C it is seen as a higher voltage shoulder to the 

250 mV process and it is no longer observed for d-SiO(900 °C). Although the 250 mV process is seen for 

d-SiO(800 °C), it also shifts to lower potential with sample treatment temperature, merging with the 

100 mV process for d-SiO(1000 °C). While a single process at approximately 100 mV is observed for both 

d-SiO(1000 °C) and d-SiO(1050 °C), the two characteristic processes at 300 mV and 450 mV due to the 

delithiation of phases 2 and 1 are still observed. Almost all the lithiation during the initial discharge occurs 

during the 0 mV hold for d-SiO(1100 °C) on discharging at a rate of C/20 and now the processes seen on 

delithiation are very different: a plateau is seen at 420 mV along with a sharp peak in the dQ/dV plot, the 

latter suggesting that a c-Li15Si4-like structure is at least partially formed. The anomalously low lithiation 

potential observed in the d-SiO(1100 °C) initial cycle is reproducible, and was also observed in a previous 

d-SiO study.19 This large over-potential is ascribed to the slow kinetics associated with (i) dissociating the 
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crystalline Si, (ii) lithiating the insulating (electrochemically almost inert) SiO2 phase, and (iii) the 

extremely sluggish electronic and ionic transport through the SiO2 buffer layers (as discussed below), a 

process required to lithiate the crystalline silicon. The processes observed in subsequent cycles are very 

similar to those seen for a-SiO for all the d-SiO electrodes, except for d-SiO(1100 °C). While the 250 and 

100 mV processes are still observed on lithiation for SiO(1100 °C), a small plateau, which is attributed to 

c-Li15Si4-like structure formation, is observed at 40 mV on the 2nd lithiation (Figure 4c) and both a broad 

and sharp peak are seen in the dQ/dV plots on delithiation at 400 and 450 mV, respectively. Notably, the 

pure-Si and d-SiO(1100 °C) electrodes, which both exhibit a plateau associated with a c-Li15Si4-like 

structure during delithiation, have slightly lower second cycle coulombic efficiencies than the other 

electrodes where this feature is absent (Table 1).

Table 1. Electrochemical parameters extracted for the a-SiO, d-SiO and pure-Si electrodes shown in Figure 4. Efficiency refers 

to coulombic efficiency calculated from the difference between the discharge and charge capacities. All cells were cycled using 

constant-current/constant-voltage discharge at 0.05 C to 0 mV, constant-current charge at 0.05 C to 2.0 V except the pure-Si(100 

mV) cell. The pure-Si(100 mV) cell was cycled under the same conditions as the other cells during the initial cycle (i.e., to 0 

mV), and then the discharge voltage was set to 100 mV from the second cycle onwards.

Initial cycle Second cycle

Sample Discharge

(mAh/g)

Charge

(mAh/g)

Efficiency

(%)

Discharge

(mAh/g)

Charge

(mAh/g)

Efficiency

(%)

a-SiO 2934 1908 65.0 1943 1842 94.8

d-SiO(800 °C) 2909 1873 64.4 1922 1759 91.6

d-SiO(900 °C) 2965 1916 64.6 1981 1797 90.7

d-SiO(1000 °C) 2921 1874 64.2 1950 1761 90.3

d-SiO(1050 °C) 2877 1898 66.0 1996 1845 92.4

d-SiO(1100 °C) 2911 1627 55.9 1553 1378 88.8

Pure-Si 4212 2748 65.2 2139 1741 81.4

Pure-Si (100 mV) 4297 2806 65.3 1598 1455 91.1
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Figure 4. (a) Voltage—capacity and (b) dQ/dV—voltage profiles of a-SiO, d-SiO, and pure-Si anodes. (c) Zoom of the dQ/dV –

voltage profiles of d-SiO(1100ºC) and pure-Si. The respective heat-treatment temperature of SiO is given in parenthesis after the 

chemical formula. Red lines represent the initial lithiation/delithiation cycle, while black and grey lines indicate subsequent cycles. 

All cells were cycled in constant-current/constant-voltage discharge at 0.05 C to 0 mV, constant-current charge at 0.05 C to 2.0 V 

except pure-Si(100 mV). The pure-Si(100 mV) cell was cycled under the same conditions as the other cells during the initial 

cycle, and then the discharge voltage was set to 100 mV from the second cycle onwards. Arrows in (c) show the small plateau 

associated with c-Li15Si4-like structure formation.
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In situ 7Li NMR

In situ 7Li NMR experiments were conducted on pure-Si, a-SiO, d-SiO(1000 °C) and d-SiO(1100 °C) 

electrodes (Figure 5).  These samples were chosen for a detailed NMR investigation, because a-SiO and 

d-SiO(1100 °C) represent the extremes in terms different crystallinity and electrochemical performance, 

while d-SiO(1000 °C) has intermediate characteristics, with electrochemistry similar to that of a-SiO but 

with small crystalline Si domains as in d-SiO(1100 °C). All spectra show strong signal near 0 ppm, which 

is from electrolyte and SEI, as well as signals in the typical LixSi shift region.9, 33 The LixSi signal overlaps 

with the strong electrolyte peak as well as a peak (ii-label in Figure 5) that shifts with state of charge, 

which is related to the Super-P/CMC-Na matrix. In situ NMR spectra obtained for the Super-P/CMC-Na 

matrix alone show a weak peak at 10 ppm on discharging to 100 mV, which shifts to approximately 25 

ppm as the voltage approaches 0 mV (Figures S8 and S9, Supporting Information). Deconvolution is 

required to distinguish the LixSi signals of interest from the “Super-P/SEI” peaks.

The 7Li NMR spectra of pure-Si are similar to that observed previously 9, 33 and are characterized by 

asymmetric lithiation/delithiation behavior. During initial lithiation, a 7Li NMR signal first appears at 12 

ppm assigned to Li ions near small Si clusters and isolated Si (Figure 5a, (v)-label) which grows with time 

until another peak emerges at −13 ppm assigned to overlithiathed c-Li15Si4 (Figure 5a, (vi)-label) whose 

intensity grows whilst the 12 ppm peak shrinks. The fixed chemical shift of these peaks during lithiation 

suggests that in each case a constant chemical environment is maintained, indicating a two-phase reaction 

process: the first corresponding to the formation of an amorphous LixSi phase by dissociation of crystalline 

Si, and the second to the conversion of this phase to c-Li15Si4. During the first delithiation the “overlithiated” 

c-Li15Si4 resonance disappears almost immediately and no clear LixSi signal was observed except a broad 

peak (Figure 5a, (i)-label) near the end of delithiation, which is attributed to the lithium-poor LixSi phase 

with extended Si clusters.9 During the second lithiation, a peak near 20 ppm due to Li ions near small Si 

clusters (Figure 1, phase 2) and a peak at -13 ppm (Figure 5a, (vi)-label) due to c-Li15Si4-like structures 

are observed (Figure 1, phase 3). The continuous shift of the peak from phase 2 suggests that the chemical 

composition continuously changes depending on voltage, consistent with the gradual structural 

transformation/solid solution-type process proposed earlier. The c-Li15Si4-like structure peak appears 

abruptly along with the disappearance of the small Si cluster peak. During the second delithiation only a 

broad peak attributed to Li ions in the extended Si cluster phase is observed near the end of the charge, 

similar to that seen during the initial delithiation. For the third lithiation, the voltage was restricted to 100 

mV, which is higher than that required for c-Li15Si4 phase formation voltage.4, 6, 9 In this case, no c-Li15Si4 

peak is observed at the end of lithiation and the observed small Si cluster phase 2 peak instead continuously 

moves from 10 back to 20 ppm during delithiation, indicating the gradual formation of a higher 

concentration of Si dimers, before disappearing at the end of the low voltage process as these condense to 

form the large Si connected network. 

In contrast to the pure-Si electrode, the a-SiO 7Li NMR spectra were characterized by a much more 

symmetric lithiation/delithiation behavior for all cycles (Figure 5b), with almost the same evolution of 7Li 

chemical shift repeated between lithiation/delithiation from the first to third cycle. The observed chemical 

shifts are 0 to10 ppm for the processes at 250 mV during lithiation and 450 mV during delithiation 

(Figure 5b, (i)-label; Figure 1, phase 1), and 8 to 15 ppm for the processes at 100 mV during lithiation and 

300 mV during delithiation (Figure 5b, (iii)-label, Figure 1, phase 2), using the assignments discussed 

earlier (Figure 1). Interestingly no c-Li15Si4 peak is observed at 0 mV, instead the signal of the small Si 

cluster phase continuously moves from approximately 8 ppm to an unexpectedly high chemical shift of 

> 20 ppm during lithiation and moves back to 8 ppm during delithiation on charging from 0 to 116 mV 
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(see below and Table 2). The maximum shift of this new environment (Figure 5(b), (iv)-label) was further 

investigated with another cell where the cell was discharged below 0 mV until Li metal plating occurred 

(Figure S7, Supporting Information). A maximum chemical shift of 24 ppm was observed, beyond the 

values previously reported for electrochemically formed a-LixSi.  This characteristic high frequency shift 

derives from a unique a-LixSi structural and/or electronic environment, the shift lying outside the normal 

range expected for diamagnetic lithium environments.  The origins of this shift are discussed in more 

detail below but are ascribed to metallic behavior; on this basis we label this resonance “m-LixSi” to denote 

that it originates from a metallic LixSi domain or phase. 

d-SiO(1000 °C) The 7Li NMR spectra are closer to that of a-SiO than that of pure-Si (Figure 5c). However, 

the maximum shift of the m-LixSi peak has increased to 40 ppm in the initial cycle and 30 ppm in the 

second cycle (Figure 5c, (iv)-label). A peak with a fixed chemical shift of 12 ppm was also observed during 

the first discharge lithiation (Figure 5c, (v)-label), similar to that observed for the pure-Si electrode 

(Figure 5b, (v)-label). This appears related to the increased crystalline or ordered Si domain size in the 

d-SiO, since this peak is characteristic of irreversible dissociation of crystalline Si to amorphous LixSi and 

is not seen in the second discharge.

d-SiO(1100 °C) The 7Li NMR spectra during initial lithiation show a totally different evolution from that 

of a-SiO, with the peak with a fixed chemical shift of 12 ppm (Figure 5d, (v)-label) along with a very broad 

m-LixSi peak around 40 ppm (Figure 5d, (iv)-label) being concurrently observed. The second lithiation 

more closely resembles that of a-SiO, with a small Si cluster (Figure 1, phase 2) peak that moves from 20 

to 10 ppm during the 100 mV process being observed. A peak at 0 ppm, which is attributed to a c-Li15Si4-

like structure, now appears towards the end of lithiation. In the initial and second delithiation only a broad 

peak attributed to residual Li in an extended Si cluster environment is observed (Figure 5d, (i)-label), this 

behavior more closely resembles that seen in pure-Si electrodes.

Page 13 of 29

ACS Paragon Plus Environment

Journal of the American Chemical Society

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Page 14 of 29

 

Figure 5. 7Li in situ NMR spectra and cell voltage along with measurement time of (a) pure-Si, (b) a-SiO, (c) d-SiO(1000 °C), 

and (d) d-SiO(1100 °C). The color coding of the NMR intensity is 0% (blue) to 100% (red). The cells have been cycled using 

constant current discharge at 0.05 C (light blue trace), constant voltage discharge at 0 mV to 0.01 C (green trace) and constant 

current charge at 0.05 C to 2.0 V (pink trace). There is rest period between each charge and discharge (black trace). The cell was 

discharged to 100 mV in the third cycle for pure-Si. LixSi environments and Li in Super-P/CMC-Na matrix peak are labeled with 

(i) to (vi): (i) extended Si clusters, phase 1; (ii) Li in Super-P / amorphous carbon; (iii) small Si clusters, phase 2, (iv) m-LixSi; 

(v) Li nearby the small Si clusters formed during conversion from crystalline Si to amorphous LixSi; (vi) c-Li15Si4-like structures, 

phase 3. Dashed lines have been added as a guide to the eye to indicate when different species or phases are present. 
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Ex situ 7Li/29Si MAS NMR

Ex situ 7Li and 29Si MAS NMR spectra were recorded to investigate the chemical and electronic structures 

of electrochemically lithiated a-SiO at various stages of charge and discharge further. For comparison, 

samples of the lithiated pure-Si electrode were also characterized by ex situ 7Li/29Si MAS NMR 

spectroscopy. A representative set of ex situ 7Li MAS NMR spectra during the initial and second lithiation 

are shown in Figure 6a, the peaks being consistent with the in situ 7Li NMR results (Figure 5b), i.e., signals 

from Li near small Si clusters and in a c-Li15Si4-like structure are seen during the initial lithiation, and 

three peaks from Li in the three LixSi phases are seen during the second lithiation. A small peak is observed 

at 0 ppm in all spectra often as a shoulder of the stronger LixSi signals, which arises from the solid 

electrolyte interface (SEI) and/or the super-P/CMC-Na matrix.

Figure 6b presents the full set of the ex situ 29Si MAS NMR spectra acquired for the pure-Si electrodes of 

Figure 6a as well as for the micron-sized Si powder. The pristine Si powder gives rise to a narrow 29Si 

NMR signal at -82 ppm, which corresponds to a crystalline Si environment. This peak disappears 

completely after the cell has been discharged to 110 mV and is replaced with a broad peak at 50 ppm, 

which on the basis of the 7Li NMR spectra of the same electrodes (Figure 6a), is ascribed to small Si 

clusters. After discharging to 60 mV, another peak centered at 750 ppm appears, which is assigned to 

isolated Si anions; in the fully lithiated state at 0 mV, a broad peak centered around 800 ppm dominates 

due to an “overlithiated” c-Li15Si4, consistent with earlier 29Si NMR studies.33 After delithiation to 2.0 V, 

a 29Si NMR peak at –60 ppm is seen which is noticeably broader than that of c-Si, and is assigned to an 

a-Si environment (see Figure S6 for the 29Si NMR spectrum of a-Si). The shoulder to higher frequencies 

is assigned to Si atoms close to residual lithium trapped in the a-Si phase, consistent with the 7Li shift of 

6 ppm seen for this phase. For the second lithiation, a broad peak at 0 to 200 ppm is observed for voltages 

between 230 and 80 mV. The very broad, higher frequency 29Si peaks at approximately 500 ppm (and the 

associated higher frequency 7Li resonances) may be due to more lithiated parts of the sample, that were 

not fully delithiated in the 1st charge or they may simply reflect a distribution of local environments. At 60 

mV, a very broad peak spanning more than 1000 ppm is observed centered around 400 ppm due to isolated 

Si anions, on the basis of the corresponding 7Li chemical shift of the same electrodes (Figure 6a). In the 

fully lithiated state at 0 mV after the second lithiation, the peak center is at around 800 ppm, similar to that 

seen in the initial cycle. The steady shift to higher frequencies between 80 and 0 mV is ascribed to the 

crystallization of the LixSi phase to form over-lithiated c-Li15Si4. The simplest explanation for a large and 

positive 29Si shift and a negative shift for 7Li is that the shift originates from a Knight shift in which a band 

is formed with significant density of states at the Fermi level (Ef) involving Si s orbitals and Li p (rather 

than s) orbitals. A significant Li 2s contribution to the metallic band structure at Ef would result in a 

positive shift (see below for further discussion). 

In good agreement with the in situ 7Li NMR, the ex situ 7Li MAS NMR spectra of a-SiO electrodes 

(Figure 6c) show resonances consistent with Li near extended Si clusters at 230 mV, Li near small Si 

clusters at 150 and 60 mV and m-LixSi in the fully lithiated state at 0 mV. At 420 mV (on the first lithiation) 

only a peak in the diamagnetic Li region is visible which is present at the same position in all other spectra, 

appearing as a shoulder of the other stronger LixSi signals. This is assigned to the SEI on SiO and Super-P, 

diamagnetic lithium silicates, and lithiated Super-P carbon. 

Figure 6d shows the ex situ 29Si MAS NMR spectra of the same a-SiO electrode samples presented in 

Figure 6c, as well as the pristine a-SiO powder. Tentative assignments are made using the 29Si MAS NMR 

of the pure-Si electrodes (Figure 6b) and the 7Li NMR of the SiO electrodes (Figure 6c). Pristine a-SiO 
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exhibits 29Si NMR signals at –108 and –67 ppm, which correspond to silicon dioxide and silicon suboxide 

(a-Si) environments respectively.43 Upon lithiation, these signals are replaced by a broad peak shifting 

from –80 ppm to 120 ppm as the voltage against Li metal drops from 420 mV to 0 mV. However, no broad 

peak around 600 to 1000 ppm is observed. Upon delithiation to 2.0 V, a 29Si signal at -70 ppm is seen, the 

shift differing from that of pristine SiO, but lying in the range between a-Si (Figure S6, Supporting 

Information) and SiO2,43 possibly corresponding to a Si sub-oxide/a-Si environment that is different from 

the pristine material and lithium silicates (see below). For the second lithiation, the acquired spectra are 

almost the same as those obtained for the initial lithiation. The 29Si chemical shifts ranging from -80 to 120 

ppm between 230 and 60 mV correspond initially to extended Si clusters (more negative shifts), small Si 

clusters, and then eventually at 60 mV where a 7Li resonance at 7 ppm is seen, to Li nearby both isolated 

Si anions and dimers (note, the 29Si NMR spectra of Li13Si7 contains two resonances between 225 and 342 

ppm corresponding to dimers and isolated Si, the exact values vary depending on sample preparation and 

presumably reflect small differences in Li/Si ratio; surprisingly the higher frequency resonances 

correspond to the dimers). It is noteworthy that the 29Si chemical shift of a-SiO lithiated to 0 mV, which is 

associated with a large m-LixSi 7Li chemical shift of 20 ppm, also has a 29Si chemical shift of only 120 

ppm, which is in the same range as that observed for a Si cluster/isolated Si environment.

A small peak at approximately –70 ppm was also detected, superimposed on the broad 29Si LixSi signal in 

Figure 6d. Ex situ 29Si MAS NMR measurements with a narrow frequency range and a longer recycle delay 

(30 vs. 1 s; Figure 6e) revealed a weak, broad peak at approximately –110 to –120 ppm due to silicon 

oxides at 420 mV for the initial lithiation, two peaks at –67 ppm and –75 ppm appearing at 230 mV. These 

two peaks correspond to Li4SiO4 and Li2SiO3 environments respectively44 (see also Figure S2 and S3 for 

Li4SiO4, Supporting Information). At 150 mV, the –75 ppm (Li2SiO3) peak disappears, with only the –

67 ppm (Li4SiO4) peak being present at lower potentials. Upon delithiation to 2.0 V, the Li4SiO4 peak 

decreases in intensity and the Li2SiO3 peak is recovered to some extent. For the 2nd lithiation, only the 

Li4SiO4 peak is clearly observed below 230 mV. The 29Si MAS NMR results suggest that two different 

types of species are formed when a-SiO is lithiated, namely LixSi and lithium silicates. The change of the 

lithium silicate signal occurs in the voltage range below 400 mV for lithiation and above 600 mV for 

delithiation, indicating that the lithium silicates participate, at least partially in the electrochemical reaction. 

It is important to note that all of the 29Si NMR spectra were acquired under conditions that are not 

necessarily quantitative, particularly for the diamagnetic phases such as Si, SiO2 and the lithium silicates, 

the former phases often having extremely long spin-lattice (T1) relaxation times of hours; Hahn-echo 

spectra were also used to acquire the broad spectra. Thus, the observed signals are indicative of the phases 

present, not their relative phase fractions. T1 analysis of the 0 mV sample reveals a T1 of approximately 

1 s for the LixSi environments and >> 10 s for the Li4SiO4-like fractions (Figure S16, Supporting 

Information). This may be compared to the long T1 of pure crystalline Li4SiO4, 550 s (Figure S17, 

Supporting Information). A peak at –24 ppm is sometimes observed which may be due to SEI 

components.45, 46 
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Figure 6. Ex situ 7Li MAS NMR single-pulse excitation spectra and 29Si MAS NMR Hahn-echo spectra of lithiated pure-Si (a,b) 

and a-SiO (c, d, and e), respectively. The 29Si NMR spectra in (b) and (d) have been recorded with a recycle delay of 1 s and ca. 

25k scans, whereas the spectra in (e) were recorded with 30 s recycle delay and typically 1k scans. The voltages given next to 

spectra are the Li-metal half-cell voltage at which the cell was held for at least 24 h before cell disassembly. The color coding of 

the background highlighting in a, b, c and d indicates the shift range for specific LixSi environments; blue represents extended Si 

clusters, green represents small Si clusters, yellow represents c-Li15Si4-like structure, and red represents m-LixSi.

Quantitative analysis of delithiation process of a-SiO

In order to determine the a-SiO reaction pathway, the processes involving SiO must be separated from 

those originating from the Super-P carbon.  The in situ 7Li NMR spectra were first deconvoluted at the 

start and end of the delithiation as well at characteristic inflection points in the dQ/dV profile (Figure S8 

and S9, Supporting Information). The different points where NMR spectra were extracted were labeled a) 

– i) in Figure 7A. Another in situ NMR experiment was then performed using an electrode containing 

Super-P/CMC-Na only. The electrochemistry and spectra were analyzed at five stages corresponding those 

seen for the full electrode, a), b), d), g), h) and i) (Figure S10 and Table S2, Supporting Information) 

allowing the location of the peaks due to lithiated Super-P to be identified and the Li content of this matrix 

at each state of charge to be determined. The amount of Li involved in the delithiation processes of the a-

SiO component of the full electrode was then estimated from the electrochemical profile of the full 
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electrode, taking into account the Li fraction in the Super-P/CMC-Na component at each state of charge 

(Table 2).  From a) to b) m-LixSi peak shift position returns to that corresponding to that assigned to the 

small Si clusters/isolated Si, the capacity of this process (and change in associated lithiated content of the 

electrode) being determined from the electrochemistry (Table 2). In the same way, the capacity of b) to d) 

is assigned to the growth of more small Si clusters (such as dimers) by reaction of the isolated Si anions, 

and from d) to g) to the formation and growth of more extended Si clusters on removal of Li.  From g) to 

h), there is small reduction in intensity of the diamagnetic Li peak at 1 ppm. This change is ascribed to the 

(partial) delithiation of Li4SiO4. From h) to i) a small change in intensity of extended Si cluster peak is 

seen, indicating that higher voltages are required to pull the last remaining Li ions out of the extended Si, 

a-LixSi matrix. Although the total change in NMR intensities determined by NMR line shape 

deconvolution (Figure 7B) is qualitatively consistent with the numbers reported in Table 2, the LixSi 

capacity of each stage as determined by NMR is less accurate in regions where there is significant overlap 

between the Super-P Li and LixSi signals (e.g., region a) – b); see Table S4, Supporting Information for 

more detailed analysis).  Furthermore, due to the short recycle delays used to acquire the 7Li spectra, it is 

difficult to extract quantitative values for the changes in the concentrations of species assigned to the peak 

centered at 1 ppm, i.e., the lithium silicate phase(s) and multiple peaks from the electrolyte and SEI.

Table 2. Li concentrations involved in specific parts of the first delithiation process of a-SiO electrode estimated from the 

electrochemical analysis and standardized by molar equivalent of SiO in the electrode. The capacity of Super-P/CMC-Na matrix 

in the a-SiO electrode was estimated from an electrochemical measurement of a Super-P/CMC-Na electrode performed in a 

separate experiment (Figure S10 and Table S2, Supporting Information), the values given in the table being adjusted to account 

for the phase fraction of Super-P/CMC-Na in the composite electrode. The Li content in a-SiO was then determined and assigned 

to specific phases based on the Li NMR experiments.

Stage

Overall change in 

Li content in 

electrode during 

each stage 

(mol per SiO)

Super-P/CMC-Na

(mol per SiO)

a-SiO

(mol per SiO)
Source of Li

a) – b) 0.16 0.13 0.03 m-LixSi

b) – d) 1.39 0.12 1.27 LixSi (small Si clusters)

d) – g) 1.20 0.07 1.13 LixSi (extended Si clusters)

g) – h) 0.22 0.03 0.19 Lithium silicate

h) – i) 0.17 0.02 0.15 LixSi (extended Si clusters)

Total Li 

capacity

3.14 0.37 2.77
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Figure 7. (A)Voltage-Li amount profile and dQ/dV—capacity profile of initial delithiation of a-SiO. (B) Extracted scans taken 

from the in situ 7Li NMR spectra of a-SiO and the deconvoluted resonances. The points in the electrochemistry where slices in 

the in situ NMR spectra were taken are indicated in the voltage-Li amount profile and labeled a) – i) in (A).  The Super-P/CMC-

Na signal intensity and position was constrained based on the fits performed on the in situ 7Li NMR spectra of a Super-P/CMC-

Na electrode. Deconvolution parameters in used DMFIT are found in Table S3 (Supporting information).

Lithiation/delithiation reaction model for SiO

The lithiation/delithiation reaction of crystalline c-Si and a-SiO can be described by equations (1) – (2) 

and (3) – (4), respectively, based on the observed chemical shifts in in situ 7Li NMR and ex situ 7Li/29Si 

MAS NMR measurements (Scheme 1). Pure-Si, which is crystalline before lithiation, is converted to 

amorphous LixSi (small Si clusters) in its initial lithiation and a c-Li15Si4-like structure in its fully lithiated 

state (Scheme 1, Eq. (1)). The c-Li15Si4 is delithiated to form amorphous LixSi (with extended Si clusters) 

during the delithiation and a-Si in its fully delithiated state. In the subsequent lithiation/delithiation, 

conversion between a-Si/LixSi and c-Li15Si4 is repeated (Scheme 1, Eq. (2)). LixSi is the only 

electrochemically active phase during reactions of c-Si.

In contrast to that, a-SiO has two electrochemically active phases, LixSi and a lithium silicate phase, the 

latter being formed during the first lithiation. The Si domain in a-SiO is converted to LixSi while at the 

same time, the SiO2 and sub-oxide components partially phase separate to form LixSi and lithium silicates. 

During lithiation, the LixSi is converted to m-LixSi via extended Si clusters and small Si clusters; at the 

same time, the SiO2 component is almost completely lithiated to form Li4SiO4 [Scheme 1, Eq. (3 and 3a, 

3b, 3c)]. In the delithiation process, LixSi and small fraction of the Li4SiO4 is delithiated to silicon sub-

oxide and Li2SiO3 through LixSi (extended Si clusters) and LixSi (small Si clusters) (Table 2). Almost all 

Li in the in LixSi phase formed from a-SiO is extracted at 2.0 V (Figure 7A, i)-label); the analysis reported 

in Table 2 shows that the total Li capacity per formula unit of SiO is 2.77, which includes 0.19 Li from 

lithium silicate phase, thus this corresponds to 2.58 Li from LixSi per formula unit of SiO. Furthermore, 

since from Eq. (3) in Scheme 1, 75% of the silicon atoms in SiO are transformed to LixSi, x in the fully 
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lithiated state corresponds to approximately 3.44. Only 0.19 Li are removed per formula unit of SiO from 

the Li4SiO4 phase after delithiation and thus considerable Li4SiO4 remains, the Li in this phase accounting 

at least in part for some the irreversible capacity in the 1st cycle. Thus, the delithiated state consist of 

multiple phases, namely Li4SiO4, Li2SiO3 and Si sub-oxide. In the subsequent lithiation/delithiation, 

conversion between LixSi/Li4SiO4 and Si sub-oxide/Li4SiO4/Li2SiO3 is repeated (Scheme 1, Eq. (3 to 5)). 

The overall delithiation reaction is reported in Eq. 5 in Scheme 1, where all the Li2SiO3 is presumed to 

have reacted to simplify the equation, and the Si sub-oxide is written as Si + SiO2.

Crystalline Si (c-Si)

Initial lithiation

Eq. (1)4 cSi 
    Li+ , e―    

4 aLi𝑥Si 
    Li+ , e―    

 cLi15Si4  

Subsequent lithiation/delithiation

Eq. (2) cLi15Si4  
    Li+ , e―

  4 aLi𝑥′Si  
    Li+ , e―

 4 aSi

Amorphous silicon monoxide (a-SiO)

Initial lithiation

Eq. (3)4SiO 
    Li+ , e―    

  Li4SiO4 + 3 aLi𝑥Si 

Eq. (3a) aSi 
    Li+ , e―    

aLi𝑥Si

Eq. (3b)SiO2 
    Li+ , e―    

  Li4SiO4 + aLi𝑥Si

Eq. (3c)SiO𝑦< 2 
    Li+ , e―    

  
𝑦
4
Li4SiO4 + (1― 𝑦

4)aLi𝑥Si 

(Subsequent lithiation/delithiation)

Eq. (4)Li4SiO4 + 3 aLi𝑥Si 
    Li+ , e―

  (1―z)Li4SiO4 + zLi2SiO3 + 3SiO𝑧3

or, for x = 3.44

Eq. (5)0.25 Li4SiO4 +0.75 Li3.44Si  
           

 2.77 Li + 0.40 SiO2 +0.20 Li4SiO4 +0.40 Si

Scheme 1. Reaction model for crystalline silicon (c-Si) and amorphous silicon monoxide (a-SiO) derived from solid-state NMR 

spectroscopy. For SiO, Eq. (3) represents the overall reaction. Since SiO comprises 3 components, a-Si, SiO2 and the interfacial 

environments, SiO<2, Eq. (3) can be subdivided into three separate reactions (3a – c), where SiOy<0 simply represents the interface 

or interphase between the Si and SiO2 components. Eq. 5 has been evaluated assuming that the oxygen atoms in Li4SiO4 react 

with additional silicon atoms from LixSi to form Si and SiO2, using the quantification outlined in Table 2. 
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DISCUSSION

In situ 7Li NMR revealed different lithiation/delithiation pathways for a-SiO and pure-Si electrodes, with 

the former varying as a function of heat treatment of the starting material. Lithiation of crystalline Si is 

characterized by asymmetric electrochemistry and in situ NMR spectra and by the observation of c-Li15Si4. 

By contrast, the characteristics of a-SiO are a symmetrical and sloping voltage/capacity profile 

representing two solid solution processes similar to those seen for phase 1 and 2 (Figure 1) for c-Si; but in 

contrast to c-Si no c-Li15Si4 formation/removal is observed below 100 mV. A small amount of capacity is 

nonetheless observed below 116 mV (Table 2, Figure 7) indicating that phase 2 can be lithiated further. 

The NMR spectra are consistent with this: the 7Li NMR shifts on charge mirror those on discharge over 

multiple lithiation/delithiation cycles. No c-Li15Si4 peak is seen; instead a new 7Li resonance (m-LixSi) that 

shifts to a higher frequency than that of phase 2 from 116 to 0 V is observed. This significant shift, from 

20 to 10 ppm on delithiation is associated with only a very small compositional change of the LixSi phase, 

from Li3.44Si to only Li3.40Si (Table 2 and Scheme 1).

Qualitatively similar NMR spectra were obtained for d-SiO(1000 C) which has a c-Si domain size of 

3.1(2) nm, but notably a larger shift was observed for the m-LixSi resonance, the resonance now shifting 

asymmetrically to 40 ppm on the first discharge and 30 ppm on the second discharge. The larger shift 

between the first and second discharge, and compared to that observed for a-SiO, is correlated with higher 

capacity below 100 mV (Figure S18, Supporting Information). Note that a plateau is observed on the first 

lithiation, which is characteristic of the breakup of the crystalline Si network. The observation of this 

plateau does not however correlate with Li15Si4 formation. Electrochemical signatures of the c-Li15Si4 

phase are observed on increasing the c-Si domain size to 5.0(1) nm in d-SiO(1100 C). However, the NMR 

spectra of d-SiO(1100 C) reveal behavior that is intermediate between that of d-SiO(1000 C) and c-Si: 

the m-LixSi environment is still observed (more clearly in the 2nd cycle), shifting to over 20 ppm along 

with the signal from c-Li15Si4 which now appears at –6 ppm (as opposed to –13 ppm for c-Si).

The 29Si resonance observed in the ex situ MAS NMR spectrum of the a-SiO m-LixSi phase in its fully 

lithiated state has a 29Si shift that is only slightly larger than that observed for Si environments in the 

extended cluster (phase 1) and small Si cluster (phase 2) phases, noticeably less than that of the 

“overlithiated” c-Li15Si4 phase. In contrast m-LixSi has large positive 7Li shift. A range of 6,7Li shifts have 

been observed for the high Li-content lithium silicides with isolated silicon anions, with stoichiometric 

Li15Si4 resonating at 8 to 10 ppm,47, 48, Li4.11Si (Li16.42Si4) at 63 ppm,47, Li21Si5 at 70.5 and 93.7 ppm33 and 

the closely related phase, Li17Si4 at 76.5 and 119 ppm,49. In their theoretical analysis of these phases,50, 51 

Fässler et al. describe Li15Si4 as a p-doped semiconductor, with a band gap above the Fermi level, Ef; no 

such band gap existing in the higher Li content lithium silicides. The bands near the Fermi level are formed 

by Si 3p not 3s orbitals (and Li s/p orbitals), and so naively, large positive Knight shifts are not necessarily 

predicted. The large 7Li shift seen for m-LixSi is, however, ascribed to increasing metallic behavior, 

corresponding to a Knight shift, the Li 2s orbitals presumably contributing to the density of states at Ef. 

The small 29Si shift is consistent with the involvement of both 3s and 3p orbitals at Ef. This is in contrast 

to the behavior of “Li15+xSi4” where a negative shift was observed which appears to suggest Li 2p character 

at Ef. However, large 7Li and 29Si chemical shifts are also expected in these (semi)metallic LixSi systems, 

with small or zero bandgaps, which complicates the NMR analysis. This behavior differs from that 

observed following partial substitution of the Li in Li15Si4 by Mg and Al; this increases the electron doping, 

and results in increased positive Li Knight Shift, suggesting that the Li 2s orbitals are involved. 

Careful structural analysis of Li15Si4 shows that there are two fully occupied Li crystallographic sites50, 51 
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and so it is not immediately clear where any additional Li would be located. Negative shifts were also 

observed for Li15Ge4 in ex situ 7Li NMR studies of germanium batteries at –13 and –58 ppm, which based 

on their relative intensities were assigned to the 48e and 12a sites respectively in the Cu15Si4 structure type 

(adopted by both the Ge and Si phases). A resonance at an intermediate position (−20 ppm) was often 

observed during in situ NMR experiments, likely representing a dynamic average of the Li on the 48e and 

12a sites.52 What is clear is that Li15Si4 tolerates a degree of non-stoichiometry which has a significant 

effect on its electronic properties. However, it remains unclear as to whether the negative shift seen 

electrochemically corresponds to Li15+xSi4, where x > 0 or whether the phase formed electrochemically 

corresponds to x = 0, and the phase formed on delithiation corresponds to x < 0. 

a-SiO with a-Si domains forms an amorphous yet metallic phase. Comparing the electrochemistry of all 

d-SiOs, which have different Si domain size, it is clear that the domain size of Si in the pristine material 

determines whether a c-Li15Si4-like phase is formed at the end of the lithiation, domain sizes of > 3 nm 

being required. Even when 5 nm Si particles are present, the behavior differs from that of the bulk phase, 

the most lithiated phase resonating at 0 ppm. Furthermore, this phase is only formed on holding at 0 V. 

There are two possible explanations for this “overpotential”. The first is kinetic in origin and is associated 

with the reduced ionic and electronic transport through the SiO2 (and Li4SiO4) coating that surrounds the 

Si domains. The second is thermodynamic and may be associated with a clamping effect of the matrix. For 

example, Obrovac et al. have shown that Li15Si4 does not form for Si thin films tightly bonded to a substrate, 

due to compressive stress.4, 53 It is thus possible that the SiO2 (and Li4SiO4) matrix may also result in similar 

compressive stresses. 

The continuous structural transformations (rather than two-phase reactions) in a-SiO are likely a significant 

mechanism for suppressing crack formation caused by particle volume change during lithiation/delithiation, 

resulting in one reason for the improved cyclability of a-SiO compared with pure-Si. The “domain size 

stabilizer”, i.e. lithium silicate phase, is partially electrochemical active. From ex situ 29Si MAS NMR, the 

lithiated state is Li4SiO4 and delithiated state is mixture of Li4SiO4 and Li2SiO3. Since Li4SiO4 was reported 

previously to be electrochemically inactive,54 the amorphous nature or the nano-domain structure of 

Li4SiO4 in the a-SiO matrix may impart some reactivity to the lithium silicate phase. We confirmed that 

mechano-chemically synthesized amorphous Li4SiO4 reacts to form Li2SiO3 after subsequent lithiation and 

delithiation, although the specific capacity is much lower than calculated for the lithium silicate part of a-

SiO electrodes (Figure S4 and S5, Supporting Information). It is likely that the domain size stabilizer effect 

of the lithium silicate phase is retained because the delithiation is only partially complete and Li2SiO3 

rather than SiO2 is formed. As this lithium silicate phase reaction results in an irreversible capacity, an 

understanding of this phenomenon is also important for designing commercial LIBs.
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CONCLUSION 

The reaction of SiO active material for LIBs was investigated using in situ 7Li NMR and ex situ 7Li/29Si 

MAS NMR. Two different types of phases are found during lithiation, LixSi and lithium silicates, both of 

which are electrochemically active. The fully lithiated state of a-SiO consists of Li4SiO4 and a 

characteristic LixSi environment due to metallic domains, which has a relatively high lithium concentration 

of 3.45 Li per Si, but yet does not undergo a phase transition to a c-Li15Si4-like structure. Instead the 

lithiation/delithiation pathway occurs via gradual solid solution processes involving amorphous phases. 

This is in contrast to pure-Si, which forms c-Li15Si4 in its fully lithiated state via a two-phase reaction. The 

symmetrical and gradual phase transition via solid solution in a-SiO, without the formation of c-Li15Si4, is 

likely to be key to its improved cyclability, as crack formation inside the particles is prevented. A second 

cause of the good cyclability of the a-SiO derives from well separated nano-sized Si domains surrounded 

by SiO2 regions. This results in nano-domains of LixSi surrounded by Li4SiO4 on lithiation. These oxide-

containing (SiO2 and SiOx<2) buffer layers prevent the a-Si domains from sintering (growing larger) on 

cycling and also most likely help suppress the continual SEI formation that occurs in pure-Si. 

In situ 7Li NMR measurements of d-SiO electrodes revealed that the size and crystallinity of the Si domains 

in heat treated SiO can play a crucial role in controlling the overpotential associated with the break-up of 

the crystalline Si domains on the first cycle, as well as determining whether c-Li15Si4 is formed or not in 

the fully lithiated state. The identification of a characteristic high lithium concentration metallic LixSi 

phase linked to good cyclability of the SiO, as well as the crucial role played by the size of Si domains in 

controlling the phase evolution, offers crucial insights for the design of future Si based anodes that combine 

high capacity with a long cycle-life.
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